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This  research  haft.  de alt  with  tha  modeling  *nd  solution  of  rotary-wing 
dynamics.  In  the  aodeling  area,  it  deals  with  elastic-blade  nodal a,  ways  to 
introduce  rotor-body  coupling,  aerodynaaic  behavior  near  blade£tips,  and  the 
aodeling  of  dynsalc  stall.  In  solution  strategies,  we  have  concentrated  on 
new  and  iaproved  Floquet  aethods,  on  innovative  tria  aethodologies  (such  as 
auto-pilot  and  periodic  shooting),  on  efficient  foraulatlon  of  equations,  and 
on  lifting-line  and  lifting-surface  aeshes.^Wc  have  awarded  5  Master  of 
Science  and  1  Doctor  of  Science  degrees  to  ftrsons  working  on  the  project. 
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This  final  r sport  covers  2  years  of  AM>- sponsored  rssssrch  Into  tbs 
fsii— ittl  bthrrlor  of  rotor  dyaalca.  Tbs  original  proposal  was  for  ) 
yssrs,  bat  tbs  third  yssr  Is  sow  to  bs  doss  aadsr  s  sow  grant.  Thus,  this 
rsport  eovsrs  only  s  portion  of  tbs  originally  propossd  work,  la  this  final 
report ,  wa  will  sumnarlse  tbs  work  dons.  Including  publications  and  scientific 
personas! ;  and  ws  will  provide  pertinent  technical  descriptions  of  each  nsjor 
area  wo  have  pursosd. 

The  philosophy  of  our  rssssrch  has  been  to  Inc rasas  tbs  fundamental 
understanding  of  those  dynanlc  and  asrodynanlc  phonons ns  associated  with  the 
helicopter.  Our  approach  has  been  to  follow  three  Intertwining  Lines  of 
research.  Tbs  first  of  tbs as  la  tbs  Line  of  nsthsnstlcal  node ling.  Hare,  we 
wish  both  to  synthesise  sad  re fins  nathsnstlcal  node la  for  various.  Isolated 
roc ore raft  pha nonane,  sad  to  learn  to  couple  then  together  la  a  sys tens tie  way. 
This  la  the  building-block  approach  wa  have  followed.  Tbs  second  lias  of 
Inquiry  baa  been  la  tbs  developnant  of  solution  as tbodo logins  for  these 
equations,  here,  certain  solution  strategies  work  better  for  certain  node la; 
and  sons  nods ling  techniques  require  new  solution  strategies.  Us  look 
specifically  sc  oat hods  that  magnify  our  Insight,  are  computationally  efficient, 
sad  that  can  be  extended  to  large-scale  sys tens. 

This  leads,  than,  to  tha  third  thtead  of  research:  basic  physical  insight. 
Of  course,  because  we  deal  with  Isolated  compensate  or  with  slap Ilf led  couplings, 
we  do  not  Intend  to  be  able  to  neks  predictions  on  helicopter  stability  and 
response  that  would  be  applicable  to  detailed  design  studies.  On  tha  other 
band,  ws  do  expect  our  nathods  to  be  predictive  of  the  behavior  of  slap  Ilf  lad 
research  nodals,  such  as  those  used  by  the  Arny  hesearch  and  Technology 
Laboratories,  furthermore,  we  believe  our  results  give  qualitative  Insight 
into  the  physical  phenomena  present  la  production  rotors.  Thus,  we  try  to 
involve  all  three  el ensues  In  our  research  effort 


The  objectives  and  scope  of  this  work  are  as  follows: 

1)  To  discover  the  basic  relationships  between  blade  structural  psrsneters 
and  the  flap- lag- tors  loo  airloads  that  result. 

2)  To  determine  the  extent  to  which  rotor-body  coupling  affects  inplane 
loads  and  overall  helicopter  vibrations. 

3)  To  develop  our  basic  trim  procedures  to  the  point  at  which  they  can  be 
applied  to  large,  state-of-the-art  rotor  response  prog ran. 

1)  To  determine  the  effect  of  dynasrtc  stall  on  the  rotor  airloads  and  on 
the  basic  trimming  methods. 

S)  To  investigate  other  nethods  of  obtaining  tine  histories  of  rotor  response 
including  Hamilton's  Law  of  Varying  Action. 


lafor*  p roc— ding  Co  Cbo  details  of  each  objective,  it  U  Infor— tive  to 
outllno  cbo  ocopo  In  oach  t— k.  With  cbo  exception  of  icon  3*  cbo  above 
objecclv—  oro  not  olnod  at  cbo  quantitative  prediction  of  helicopter  response . 
They  oro  olnod  at  obtaining  fund— on  cal  insight  Into  bow  rotor  vibrations 
develop  and  Into  bow  they  can  bo  efficiently  calculated.  Thua,  In  Iton  1  we 
conoldor  o  alnplo  ol— tic •blade  nodal  with  el— tic  flop,  log,  end  torsion. 
Although  other*  no re  eopblotlcoted  flop- log- torsion  node la  certainly  exist, 
they  have  not  bo—  obtained  under  the  sene  aaous ptlons  nor  with  the  sane 
purpose  In  mind  —  ours.  Thus,  —  have  proceeded  slowly  end  carefully  to 
oaks  euro  we  understand  the  physical  pro— so—  at  each  step. 

In  it—  2,  we  are  looking  at  a  fuselage  with  S  rigid  body  nodes  and 
4  el— tic  nod—  (—  la  our  prior  work)  but  with  a  no  re  detailed  rotor  nodal. 
Naturally,  a  true  fu— lege  will  be—  naay  no  re  el— tic  nod—;  but  —  look  at 
a  generic  frequency  sweep  that  could  be  representative  of  several  potential 
nod—.  Sin—  —  have  already  found  that  flapping  notions  drive  lop  la—  not  loos 
(while  lop  la—  off— te  flapping  aueh  la—)  —  neks  several  siapllfylag 
aeeunpelo—  to  1— roe—  the  productivity  (and  physical  Interpretations)  of  the 
work. 

It—  3  is  the  only  a— a  la  which  —  approach  the  area  of  applications. 
Tbs—  trie  procedures  a—  no w  fairly  —11  understood  in  ter—  of  theory,  and 
the  advancaneats  now  co—  through  —re  sophisticated  applications.  Therefore, 
—  have  ref  emulated  the  crln  procedur— . 

It—  4  is  a  — w  area  of  re— arch  that  do— loped  out  of  our  dyn— Ic-stall 
work.  It  is  — t  In  our  scope  to  develop  any  drs— tlcally  new  dyn— ic  stall 
procedur—.  Us  —rely  take  existing  —  thodologl— ,  Investigate  how  they 
should  be  nodlf led  to  be  u— ful  for  eiapllfled  vibration  analyses,  and  study 
the  result— t  off— cs  —  the  types  of  calculations  —  are  —king. 

Ic—  3  is  el—  a  new  a— a  of  research  which  developed  out  of  our  prior 
crln  Investigations.  For  — arly  11— ar  syste— ,  the  trie  —  thod  of  periodic 
shooting  is  equivalent  to  finding  and  inverting  the  Floq— t  transition  — trlx. 
(An  earlier  — luti—  —thod  in  our  re— arch  also  relied  —  Floq— t  theory  for 
vibrati—  analysis.)  Thus,  it  is  natural  to  look  for  —re  efficl— t  mans  of 
finding  the  transition  —trlx.  0—  possibility  is  the  use  of  B— i  It  on's  Law 
of  Varying  Action  with  coaperison  functions  in  ti— .  In  this  research  we 
study  Head  It on’s  Low  in  detail  with  respect  to  converge— e  and  efficl— cy. 
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la  this  sect  ion,  w  Moarlw  tbs  fool  to  of  oar  root  arch  through 
August  IMS.  Bacall  that  w  havo  camp let ad  only  too  yoora  of  a  three-yaar 
a/ fort.  Time,  aooa  of  cha  caaka  have  tafcaa  a  a lightly  dlffaroat  turn  duo  to 
exciting  reunite  ohtalaad  during  the  reaaarch.  The  nan  direction  of  theee 
taaha  ia  mirrored  la  the  new  roan arch  grant,  recently  awarded  to  tho  PI 
through  Ceorgla  Inetitoce  of  Technology.  Becaeoa,  thin  f anarch  project  la 
ongoing  t  another  loot  it  ut  Ion,  thin  am— ary  will  he  brief.  Data  1  la  nay  ha 
found  la  the  refera ocee.  (Refaroace  auahara  in  thin  one t Ion  refer  to  tho 
publication  auehoro  In  Section  4.)  Below,  wa  lit  progreea  la  each  of  the 
floe  proponed  arena. 

5.1  Teflon 

The  f  lrat  area  to  ha  cone  Ida  rod  la  the  area  of  elaatlc  tor*  ion.  Our 
work  la  thia  area  la  found  la  Reference  1).  Wa  here  added  a Luetic  tore ion 
to  our  equations  and  have  don.— need  theee  aquations  ia  aaid  reference. 

Several  Inport ant  feat  urea  dlatlagmlah  theee  free  ocher  elaatlc,  flap-lag* 
torsion  equations  in  the  literature,  First ,  the  ordering  flchw  ueod  In 
the  equations  la  baaed  on  the  phf leal  propart lee  of  rapreeontatlve  rotor 
bladoe.  Second,  the  eg  eat Iona  an  glean  in  a  hierarchical  eonaer  ouch  that 
one  can  retain  varying  ordef  of  terno  an  deal  red.  Third,  cha  aqua clans  an 

derived  la  forward  flight  with  coop  loco  accounting  for  curvilinear  coordinate*, 
warp,  and  nonlinear  virtual-work  terno.  Fourth,  tho  equation#  are  all  written 
down  ia  one  place  noth  that  they  con  he  checked  torn  by  tom  against  pact  and 
future  work.  The  highest  order  equations  retain  ail  known  torn*  Iron  previous 
work. 

to  addition  to  tho  develop— nt  of  tho—  aquae  ion*.  —  have  successfully 
coded  them  and  hove  obtained  m—r leal  solutions.  Within  the  fra— wort  of 
this  portion  of  tho  work,  —  havo  developed  a  new  f sally  of  polynomials  for 
—a  la  the  Calerkla  a— lysis.  The—  polynomials  are  orthogonal  —  -1  to  ♦! . 
arc  normal  I  tad,  and  match  cha  boundary  conditio—  of  uniform  baa—.  A  good 
portion  of  our  wort  was  devoted  to  the  development  and  doc— tat  too  of  the— 
polynomials.  Furthermore,  —  —  developed  o— mrical  — lotions  to  the  aquations 
we  discovered  that  a  very  —curate  trim  procedure  was  required.  Thus,  — 
—piled  the  automatic  pilot  to  the  equations  with  excellent  a— case. 

Owe  to  the  increased  effort  in  polynomial  develop— nt  and  in  trim 
procedures,  —  haw  not  performed  —  many  vibrati—  calculations  —  — 
originally  planned.  Thus,  our  present  lot— t  ia  to  —it  —til  dyn—  ic  stall 
to  added  to  the  nodal  before  —  do  the  —tailed,  para— trie  studies. 


Is  the  »tm  of  rotor^ody  coupling,  we  hm  porwod  two  usjor  linos  of 
research.  Tho  first  of  thooo  is  the  offset  of  rotor-body  e«flU|  oo  helicopter 
vikratlflM.  tbs  results  of  this  sort  ere  pert  lolly  given  i*  tefereace  *. 

Is  choc  re foresee,  per sue trie  scud lee  show  the  effects  of  structure!  parameters 
os  body  vibration  with  s  rigid-blade,  flop-lac  sodel  of  tbs  rotor  sod  with  9 
fuse lege  degrsee  of  freedom.  Sloes  tbos,  us  boss  does  loped  tbs  sodel  for  so 
eleotic  rotor  aod  boss  bogus  tbs  coding.  As  It  turns  out,  tbs  toe  re  seed 
conpleslty  of  tbs  elastic  eg wot ions  bos  forced  us  to  develop  e  sou  Iterative 
procedure  for  tbs  homosic-bolosce  approach.  Presently,  it  appears  that  this 
procedure  will  he  successful. 

la  a  second  area,  us  have  continued  our  long-tern  late rest  la  dyaanic 
inflow  and  in  its  effect  on  the  stability  of  coupled  rotor-body  nodes. 

Reference  2  describes  tbs  node!  chat  us  base  developed,  and  Reference  e 
provides  cooper  toon  of  stability  end  response  calculations  with  esperlneatal 
dsca.  Tbs  correlations  are  so  lees  than  spectacular,  and  they  establish  our 
nodal  as  the  premier  nodal  for  dynamic  inflow. 

»,3  Dynamic  It  all 

An  iaportant  part  of  our  research  into  rotor  vibration  has  been  the 
nodif icatioo  of  the  CNODU  dynamic  stall  medal  far  nee  la  rotorcraft  prohlams. 
Reference  1  provides  the  theoretical  foundation  for  tho  stall  nodal  that 
we  ere  sow  using.  It  is  a  conpletaly  unified  nodal  In  that  gweei-eteedy  end 
guasi-static  aerodynamics  can  be  recovered  free  it.  Purthemorv,  it  is 
written  In  turns  of  G_  end  0.  with  no  email -annle  nnfetione.  Thus,  It  Is 
eaay  to  inpleaent.  finally.  It  In  formulated  In  tarns  of  nonliaear  dlfferentul 
egwetleae  that  can  be  linear I aod  for  one  la  elge  /aloe  analyses,  future  wort 
le  seeded  to  aodtfy  the  oHM  pitching  nonsst  nedei. 

Is  an  Iaportant  spin-off  of  thlo  worh,  wo  have  found  tho  concepts  Inherent 
in  the  stall  nodal  can  he  used  to  nodal  unsteady,  trsneonlc  eerodynenlcs. 
References  1  and  U  ssnsrlM  this  wotrh.  Although  ouch  of  the  worh  wee  dene 
under  Air  force  sponsorship,  a  good  portion  was  done  under  the  Ate-  grant. 

In  particular,  the  preblosm  encountered  la  that  worh  lood  to  o  hotter 
understanding  of  our  dyaealc  stall  nodal  and  e  hotter  understood lag  of  our 
trln  out  hod  called  "‘periodic  shoot  tag",  have  now  showed  that  periodic 
•booting  can  bo  wood  for  stability  coaputatftoaa  wbeo  a  particular  rotor 
poronoter  is  tabes  at  an  unfcaown  along  with  Initial  conditions. 


liiaJSttfcgtelgya 

This  brings  ue  to  the  next  area  of  research,  trim  methodologies,  twersl 
tasks  hove  been  performed  with  la  this  category.  The  first  took  to  he  discussed 
is  the  oddities  of  faoelage  degrees  of  freedom  to  the  trim  process.  Refereaces 
9  and  10  outline  our  progress  in  this  ares.  Several  important  insights  haw 
resulted.  Included  among  these  ere  the  facta  that:  11  several  different  trln 
definitions  can  ho  seed,  each  with  a  physical lv ■me an lag f ul  interpretation  aod 
each  with  a  well-defined  mstbetmat leal  formulatioa,  2)  fuselage  aerodynamic 
derleetieee  seed  to  be  defined  in  terms  of  nonlinear  definitions  of  fculer  angles 
end  1)  convergence  can  he  rapid  provided  an  appropriate  strategy  is  weed. 
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la  •  Mcood  aru  of  work,  wo  how#  successfully  applied  our  tria  methods 
to  large,  product  too- typo  rotor  roopoaoo  code*.  too  teal  iy,  wo  hm  tbroo 
trio  procoduroo,  oacb  of  which  having  fee  owe  strength*  and  tea  own  roots 
of  applicohiltey.  Oao  U  tho  harmonic  boloaco.  ooo  to  the  oothod  of  poriodtc 
•hoot tag  (Koforoacoc  7  and  14),  and  oao  to  the  eutoaettc  pilot  (Koforoaca  5). 
la  toforoaco  13.  tho  automatic  pilot  woo  aucceeafullv  applied  to  a  fairly 
coaplicatod  rotor  model.  la  tefereacoe  3  and  13.  all  the  aothoda  wore  applied 
to  aa  A ray  Air -Load*  program.  The  reaulta  are  coopered  with  wiod-cuooel  data 
with  excel lent  agreenoat .  Aloo,  these  aothoda  have  boon  applied  eucceeafuliy 
at  Ceorgia  Tech  and  at  Kenan  Aoroapaco  Corp. 

A  third  development  within  tria  aothodologieo  haa  bean  our  etudy  of 
tlp-loaooo  for  rotor*.  (Tho  lift  and  drag  near  a  rotor  tip  have  a  Urge 
effect  on  the  tria  of  the  rotor.)  Reference  11  outline*  the  initial  phase 
of  the  work,  in  which  tho  lift  aeer  a  wing  tip  woo  eaeainod  vU  lifting-line 
theory.  Since  the.  wo  haw#  expanded  tho  lifting-line  analyst*  to  hovering 
rotor*;  and  wo  have  now  developed  lifting- surface  node!*  of  rotor*  in  hover. 

Ae  a  practical  developaent.  our  result*  not  only  thaw  excel loot  correlation 
with  neaoured  data,  but  they  display  a  greater  c  sap  mat  tonal  efficiency  chan 
previous  work. 

The  iaproved  efficiency  haa  coat  froa  an  iaportanc  finding.  In  particular, 
we  have  learned  that,  under  certain  conditions,  lifting-line  and  lifting-panel 
eeihode  can  result  in  error*  that  do  go  to  aero  aa  the  nosh  l*  refined, 
one  *ecb  condition  ia  where  a  mismatch  In  panel  *l<e*  occur*  at  sane  nods,  and 
a  second  condition  is  whore  a  on if ora  aesh  la  esed  near  the  tip.  Ae  e  result 
of  these  observe! lone,  we  have  discovered  'be  optima*  wey  to  *lie  the  panel* 
in  a  lifting-surface  theory,  fort he more,  we  have  learned  to  replace  finite- 
difference  solutions  with  fourter  solutions  in  *one  cnee*. 


(he  lent  are#  to  be  dlscunsed  la  that  of  Hoe art  anelvei*.  he  have  bad 
two  nn)or  pro) rets  under  this  beading,  first,  we  have  been  developing  a 
suit i -blade  transfer*  that  I*  applicable  to  rotor*  with  aa  even  nsaber  of 
blades,  The  existing  null iblede  trensfoars  can  be  applied  to  such  case*,  but 
one  coordinate  etwee*  remains  in  the  rotating  systaa.  Con  mourn  t  Iv 
b/2-herwoatc*  r renin  in  the  meat  Ions.  The  situation  is  east  critical  for 
a  1-b laded  rotor  (b*3i  for  which  the  old  artbod  I*  coapletelv  degenerate, 
our  new  net  hod,  based  on  an  extension  of  lack  Roff neon's  work,  overconrs  this 
problem;  and  onlv  b- he  moo  its  remain.  In  two  major  developamte  of  this 
nulti-blode  work,  we  hern:  11  developed  e  aetrix  forum  1st  loo  such  that  the 
cumbersome  algebra  of  such  transforms  is  avoided,  and  3?  coopered  the  efficacy 
@f  the  new  constant -car ff l< lent  approximation  with  previous  work.  In  this 
letter  cnee,  we  have  found  the  remits  to  be  awch  better  then  expected. 

In  the  second  Flegwet  project,  we  have  extended  Rani Item's  lew  of  Varying 
Action  to  e  bilinear  forms  let  ton .  The  resultant  finite  elements  in  tin#  arc 
then  owed  to  find  the  Hesset  Transition  tit fix.  Several  investigator*  have 
been  applying  Real 1  ton’s  law,  but  the  results  often  diverge  and  computational 
efficiency  Is  low.  tfe  here  proven  with  mathematical  rigor  that  present 
applications  are  Incorrectly  formulated;  and,  thus,  they  will  sooner  of  later 


diverge  for  acne  com.  Wo  have  also  provta,  however,  chat  tho  corroct 
f  omelet  ion  (iMcb  w  bavo  developed)  U  categorically  conversant;  and  vo 
have  i-wt rated  this  oueerlcally  aa  veil  by  solving  problm  which  (la 
prevtow  work)  had  diverged. 

the  results  of  this  work  are  two-fold.  First,  it  has  resulted  in  an 
entirely  now  way  of  looking  at  dynamics  problem  (free  a  variational  point  of 
view).  Second  it  has  resulted  in  conputstlonal  efficiencies  that  rival  those 
of  tine  earthing.  Up  are  very  excited  about  this  work. 


In  conclusion,  the  work  has  proceeded  successfully  on  several,  widely 
varying  topics,  this  neiti-dlecipllnary  aspect  of  our  work  has  resulted 
in  interactions  that  would  be  ocberviee  lapoealblo.  We  believe  that  this 
synergisu  anong  the  five  areas  has  been  one  reason  that  such  exciting  results 
have  been  obtained. 


